Introduction
Interest in thermoelectric (TE) materials has increased significantly in recent years. Because of their potential applications in cooling and power generation without moving parts or hazardous working fluids, TE materials have fundamental importance in terms of energy and environmental issues [1, 2] . The performance of TE devices is determined by a dimensionless quantity ZT = S 2 σ T/κ, where S, σ , κ and T are the Seebeck coefficient, electrical conductivity, thermal conductivity and the absolute temperature, respectively [3] .
Persistent efforts have been made to improve ZT values since the 1950s, by using state-ofthe-art high-performance TE materials that are mainly inorganic semiconductors, such as Bi 2 Te 3 , PbTe, clathrates, half-Heusler alloys, pentatellurides and skutterudites [3] [4] [5] [6] [7] [8] [9] . However, some issues, such as toxicity, shortage of natural resources, high cost and poor processability, with these inorganic materials are hindering their extensive applications. On the contrary, organic materials, especially conjugated polymers [10] [11] [12] [13] , are receiving more and more attention owing to their advantages of abundant resources, low-cost synthesis, mechanical flexibility and solution processability over large areas. Recently, organic conducting materials have attracted increasing interest to explore their TE properties [14] [15] [16] [17] .
In parallel to optimizing conventional TE materials and finding new ones, it is also timely and necessary to focus on device design and to seek economical manufacturing methods that will enable these materials to be used in practical applications [18] . Even if their efficiency is still not very high, they could be used in some niche applications, such as chip cooling or power generation on the microscale [19] . Large-area production processes, such as printing and coating, could substantially reduce costs in processing and manufacturing, thus creating widespread interest in the development of solution-processable TE materials [12, 20, 21] . In a previous study, our group found that 1,1,2,2-ethenetetrathiolate(ett)-metal coordination polymers poly[A x (M-ett)] (A = Na, K; M = Ni, Cu) possess excellent TE properties.
The ZT values of n-type poly[K x (Ni-ett)] can reach 0.2 and p-type poly[Cu x (Cu-ett)] 0.01 around 400 K [22] . The shortcoming of these kinds of polymers is that they are insoluble and infusible, which significantly affects their processability. A lot of work has been done to solve this problem, e.g. synthesizing composites is a good approach and can combine the advantages of each component [20, [23] [24] [25] [26] [27] . In this work, the poly[A x (M-ett)] composite with the best performance was obtained via ball-milling [28] [29] [30] [31] [32] [33] with poly(vinylidene fluoride) (PVDF) solution. PVDF was selected as the matrix owing to its good thermal and chemical stability, non-toxicity, mechanical strength and low water absorption characteristics, which are suitable for the fabrication of electronic components [34] . Composites with other polymers, such as polymethyl acrylate (PMMA), polyacrylonitrile (PAN) and polyvinyl alcohol (PVA), were also investigated. The Seebeck coefficients and conductivities of the composite films were measured, and the performances of the inkjet-printed prototype devices [12] were also gauged.
Experimental details (a) Materials
1,3,4,6-tetrathiapentalene-2,5-dione (TPD; Tci, 98%), sodium methoxide (Alfa Aesar, 98%), potassium methoxide (Alfa Aesar, 90%), nickel (II) chloride, anhydrous (Alfa Aesar, 98%) and cuprous iodide (Acros, 98%) were employed for the synthesis of metal coordination polymers. PMMA (Alfa Aesar), PVA (Aladdin reagent, degree of hydrolysis = 99.8-100%), PVDF (SigmaAldrich, Mw ∼ 540 000), PAN (Sigma-Aldrich, Mw ∼ 150 000) and polyvinyl butyral (PVB; SigmaAldrich) were used as the film-forming materials. N-methyl-2-pyrrolidone (NMP) was purchased from J&K Chemical and other reagents from Beijing Chemical Works. All reagents except methanol were of analytical grade and were directly used without further purification; methanol was of guaranteed grade. The metal coordination polymers poly[K x (Ni-ett)] were synthesized according to previous reports [22] . In brief, TPD (7 g, 33.6 mmol) was reacted with excess potassium methoxide (11.8 g, 151.2 mmol) in refluxing methanol solution (450 ml) for 12 h under an inert atmosphere. Then NiCl 2 (4.41 g, 33.6 mmol in 250 ml methanol) was added and refluxed for 12 h. After stirring under air for 12 h, the precipitate was collected by filtration and rinsed thoroughly with water, methanol and diethyl ether, sequentially. Finally, the black solid was dried under vacuum for 12 h and ground into powder. Poly[Cu x (Cu-ett)] was synthesized using a similar procedure except that the amount of CuI was 3.5 equivalents.
(c) Composite preparation
The poly[A x (M-ett)] composites were obtained via ball-milling with different polymer solutions. Poly[K x (Ni-ett)]/PVDF composite, for example, was prepared in accordance with the following steps: first, PVDF was dissolved in dimethyl sulfoxide (DMSO) at 353 K for 4 h under continuous agitation using a magnetic stirrer in an Erlenmeyer flask to form a 20 mg ml −1 solution; second, the solution (10 ml) and the poly[K x (Ni-ett)] powder (0.4 g) were placed into an agate jar (50 ml) with 70 agate balls (diameter = 5 mm); finally, the mixture was milled at a rotating velocity of 600 r.p.m. for 24 h using a planetary ball mill (XQM-0.4L, Nanjing University of Technology, People's Republic of China). Other composites with different kinds of polymer solutions and with different mass ratios were prepared using a similar procedure to the one mentioned above.
(d) Device fabrication
An all-polymer TE module consisting of six thermocouples was fabricated according to the structure illustrated in figure 1a . First, polyethylene terephthalate (PET) substrate was ultrasonically cleaned with deionized water, ethanol and acetone, sequentially, then dried at 353 K. Then p-and n-type composite films (with a thickness of 2-5 μm) were inkjet printed onto the PET substrate using a Jetlab II inkjet-printing system, with an 80 μm nozzle, and dried at 363 K for 10 h. Finally, a 100 nm gold electrode was vacuum deposited, finalizing the module fabrication. A photograph of the module obtained is shown in figure 1b .
(e) Characterization
The morphology of the composites was characterized by transmission electron microscopy (TEM) using a JEOL 1011 microscope and scanning electron microscopy (SEM) using an S-4800 microscope (Hitachi). Energy-dispersive X-ray spectroscopy (EDS) was used on an S-4800 scanning electron microscope at an accelerating voltage of 15 kV, for analysis of the film composition. The average particle size was measured by dynamic light scattering (DLS) using a Zetasizer Nano ZS (Malvern Instruments, Malvern, UK). X-ray photoelectron spectroscopy (XPS) data were obtained with an ESCALab220i-XL electron spectrometer (VG Scientific) using 300 W Al Kα radiation.
Free-standing composite films were prepared by casting the composite slurry on pretreated glass substrates, followed by drying under a vacuum at 343-383 K for 10 h. The films were cut into rectangular bars with the approximate dimensions of 3 × 5 mm 2 , then they were mounted on the measuring boards (four patterned Ag lines on glass) and fixed by silver conductive paint (SCP03B; Electrolube). After the silver paste had dried, the samples were placed in a TPS refrigerator and the electrical resistance in a temperature range of 260-400 K was measured by the standard fourprobe method using a Keithley 2002 multimeter. The electrical conductivity was calculated using σ = l/RWT, where l is the length of film between the inner two electrodes, R is the resistance, and W and T are the film width and thickness, respectively.
Seebeck coefficients were measured using the integral method and constantan wire was used as a reference material. Before testing, the sample film and the constantan wire were symmetrically adhered to the measuring boards using silver conductive paint (SCP03B; Electrolube). After the silver paste had dried, samples were placed in a temperature-variable Dewar (MMR Tech.) and evacuated. Under vacuum below 10 mtorr, Seebeck coefficients were measured by means of a SB-100 Seebeck measurement system (MMR Tech.) in a temperature range of 260-400 K. Dark current versus voltage (I-V), which was used to calculate output voltage and shortcircuit current of the prototype devices, was obtained under a vacuum using a semiconductor characterization system (Keithley 4200-SCS). The applied voltage was varied from −0.1 to 0.1 V in steps of 0.5 mV. Temperature gradients were created by a hot and a cold plate and were measured by platinum resistance thermometers. Figure 2 shows SEM images of the composite film. Combined with EDS (see electronic supplementary material, figure S2 ), it can be seen that, for both Ni and Cu composites, no obvious boundary is visible between the coordination polymers and PVDF. The difference is that there are some aggregated large particles on the surface of the poly[Cu x (Cu-ett)]/PVDF film resulting in a greater decrease in conductivity in Cu composites. The average particle size for n-and p-type composites is approximately 456-850 nm and 229-414 nm, respectively, which can be seen in the electronic supplementary material, figure S1. The particle size and morphology were also confirmed by the TEM images, as depicted in figure 3 . In these TEM images, it can be seen that the particles interconnected with each other to form long chains with a length greater than 10 μm, which provides the charge transport pathway in the composites. To further explore the coordination environment changes of the central metals before and after ballmilling, we performed XPS experiments (see the electronic supplementary material, figure S3 ). For poly[K x (Ni-ett)] and its composite, peaks of Ni2p3/2 appeared at both 853.7 and 855.8 eV, and the ratio of the two peaks was the same (1.97). These results reveal that there is no oxidation during the ball-milling process for the n-type composites. and 934.4 eV. And the ratio of the two peaks is different, 4.7 and 13.6, respectively. The change in the binding environment of Cu atoms should be another factor leading to the conductivity decrease in Cu composites. It was found that the drying temperature also affected the TE properties of n-and p-type composite films. As shown in figure 4 , for poly[K x (Ni-ett)]/PVDF composite films, both the electrical conductivity and Seebeck coefficient increase, and then decline, as the drying temperature increases, with a maximum value of approximately 2.0 S cm −1 and −36 μV K −1 obtained with the sample dried at 363 K. As the thermal conductivity of PVDF [35] is lower than that of poly[K x (Ni-ett)] and poly[Cu x (cu-ett)], it is expected that the composites should possess lower thermal conductivities than the pristine coordination polymers. Here, the thermal conductivity of the composite films was not determined. So, we estimated performances of the composite films with the TE power factor (PF = σ S 2 ) instead of the ZT value. Optimized PF can reach 0.26 μW m −1 K −2 at 400 K with the samples dried at 363 K. For poly[Cu x (Cu-ett)]/PVDF composites, the conductivity increases whereas the Seebeck coefficient decreases with higher drying temperature, with a maximum PF of 0.33 μW m −1 K −2 at 400 K obtained with samples dried at 363 K.
Results and discussion
The TE properties of the composite films with different amounts of coordination polymer to PVDF weight ratios were also investigated, as shown in figure 5 . The conductivity of both n-and p-type composite films increases when the content of the coordination polymers is increased. This can be explained by the fact that the number of conductive pathways augments with more coordination polymer loading. The Seebeck coefficient of poly[K x (Ni-ett)]/PVDF composites increases with higher coordination polymer content whereas for poly[Cu x (Cuett)]/PVDF composites it decreases; this may be owing to the fact that PVDF has a positive Seebeck coefficient that is larger than that of poly[Cu x (Cu-ett)]. The PF can reach 1.92 and 1.58 μWm −1 K −2 at 400 K for n-and p-type composites separately at a coordination polymer to PVDF mass ratio of 2 : 1. For comparison, the TE properties of the optimized composites and the pristine materials at 300 K are summarized in table 1. For both n-and p-type composite materials, the changes in the Seebeck coefficient compared with pristine materials is not so obvious. The main problem that affects the PF is the reduction in electrical conductivity, as the insulating PVDF significantly blocks the pathway for transporting carriers. Owing to the partial aggregation of poly[Cu x (Cuett)] particles in the p-type composite, which can be seen in figure 2b (there are a lot of large particles formed on the surface of the cast thin film), the p-type composites display a greater reduction in conductivities than the n-type composite materials. Furthermore, the low density of the drop-cast films (2.2 g cm −3 for poly[K x (Ni-ett)]/PVDF 1 : 1 composite and 2.39 g cm −3 for poly[Cu x (Cu-ett)]/PVDF 1 : 1 composite) may also affect the TE properties of the composites [14, 36] . But the exact relationship between the film density and the TE properties needs to be further explored. Although the PF of the composites is still quite low, it could be further optimized by using a conducting polymer matrix or changing the coordination polymers to inorganic TE materials with higher ZT values.
Based on these composite materials, a prototype device consisting of six thermocouples was prepared by inkjet printing, as shown in figure 1 . Figure 6 shows the measured voltage and Table 1 . The electrical conductivity, Seebeck coefficient and power factor of n-and p-type composites and pristine materials at 300 K. resistance between the TE material and device electrodes (51 Ω) is quite large compared with the resistance of the thermocouple (3.1 Ω), thus hindering the power output. The maximum output power was 45 nW with a load resistance of 5000 Ω. For higher power output, it is feasible to make flexible TE devices consisting of hundreds of p-n couples and the contact resistance remains to be further optimized.
Conclusion
In summary, we demonstrate a facile, efficient and general strategy to prepare solution-processed TE composites. Specifically, both n-and p-type insoluble coordination polymers were ballmilled with other polymer solutions to form composites. A flexible TE module consisting of six thermocouples was fabricated via inkjet printing and tested. Upon the application of a 25 • C temperature gradient, the TE voltage could reach 15 mV. Although the efficiency is still much lower than state-of-the-art inorganic materials, it could be further increased by device optimization and using an intrinsically conductive polymer matrix. In combination with the facile synthesis and light-weight, low-cost and non-toxic properties of the composites, this manufacturing technique presents an exciting new platform for future solution-processed flexible TE generators. 
